Vortex-Induced Vibrations (VIV) are well-known and related to the majority of cylindrical structures subjected to strong winds or currents. The VIV limit the lifetime of the structure because they increase the forces and so the fatigue. When several structures of this kind are put together in close interaction, the wake effects (Wake Induced Oscillations -WIO) sometimes involve strong instabilities. If these structures are flexible or mobile, oscillations of several diameters can be observed and collisions can occur ([4] & [6]). Such structures are widespread in the oil industry where the extraction of oil in deep water can be done by means of risers. In some cases, risers are connected to a floating support called FPSO (Floating Production Storage Offloading) and held in tension by buoys (figure 2). These buoys are located at depth where waves do not have any significant influence. However, in these areas, the magnitude of currents can be sometimes important. Consequently, engineering companies have to find solutions to prevent hydrodynamic interactions between risers and buoys. For a better understanding and characterization of wake effects, an experimental study is carried out at the Ifremer (Institut Fran¸cais de Recherche pour l'Exploitation de la Mer) flume tank in Boulogne-sur-Mer, France. This work is completed within the framework of the project Clarom cepm co 3007/04, in partnership with Doris engineering, Saipem s.a., Institut Fran¸cais du P´etrole, Oceanide, Ecole Centrale Marseille & Total. After presenting the experimental setup, we will focus on the interaction effects between two cylinders in close proximity. In this study, we quantify wake effects and risks of collision between structures. Several orientations and spacings between the cylinders are considered and tested. A short numerical study performed with the CFD code Fluent is also presented, for which hydrodynamic coefficients and motions of a single cylinder in a flow are numerically evaluated.
The experimental setup is shown on figures 2 & 3. It is derived from a real case provided by engineering. The studied configuration is an unfavourable case, i.e. buoys are intentionally placed at the same depth (figure 2) to observe strong hydrodynamic phenomena of interaction. Each cylinder reproduces a buoy (foam rod) and a part of riser (carbon rod) (figure 3). All the motion results presented here are given in the middle of the foam cylinder. The characteristics of the experimental setup result from the mathematical model suggested in [11] , considering a pendular motion of a cylinder elastically mounted. Dynamics is governed by the pendulum equation for the angular time-dependent displacement θ(t):
M i (t) indicates the moments due to the fluid forces applied on the cylinder, I is the moment of inertia of the device in rotation, B the structural damping and K the angular stiffness. The subscript i indicates the direction of the motion. The angles are always supposed to be small and the height of the cylinder L is supposed to be large compared to the diameter D. Parameters are selected to represent the real device with respect to the constraints related to the instrumentation. The damping coefficient ζ defined as B/(2 K(I + I a )) is fixed at an average value of 50 %, with I a the added moment of inertia (the added mass coefficient C m is here estimated to one). The reduced mass m * defined as I/I a is not preserved here due to experimental considerations. Indeed m * is equal to 1.77 instead of 0.8 for the real case. The reduced velocity V r equal to U/(f n D), with f n the natural frequency of the model and U the far upstream velocity of the current, is conserved.
For the wake effects study, in order to quantify the risks of collision, five initial configurations are considered (figure 4): case 1 & 2: in-line configurations with initial spacing of 5D and 7D, case 3 & 4: shifted configurations of an angle of 11.5
• at 5D & 7D and case 5: shifted configurations of an angle of 90
• at 5D. The influence of the relative positioning of the cylinders is studied for these five cases. 
Wake effect study
In order to observe interactions due to the current between the two cylinders, on a wide range of reduced velocity (3 < V r < 24), we perform trials for a velocity between 0.1 to 0. A preliminary study is undertaken on a single cylinder [5] (results not shown here). This work gives us a better understanding of the behaviour of a single cylinder, to characterize the wake effects in the case of two cylinders. In addition, an interesting database is so established to conduct numerical comparisons and validations of CFD codes on a standard case.
In the case of two cylinders in tandem arrangement with an initial spacing of 5D (case 1, figure 4), the behaviour of the upstream riser (figure 5) is not modified by the presence of the downstream riser in its wake. Amplitudes of transverse and in-line motions of this upstream cylinder (figure 6) are indeed very close to those observed for a single cylinder at same reduced velocities. Considering the low reduced mass of the device, the lock-in phenomena is noticed for a broader range of reduced velocity, between 5 and 10 compared to the results generally obtained ( [3] , [7] & [14] ). The figure 6 (c) shows the maximum minus the average value of each displacement. The amplification of the displacements of the upstream cylinder due to VIV reach the maximum value of 1.4D at V r equal to 9. The same behaviour is also observed for a single cylinder. For the case 1 and for V r < 15, the shielding effects or VIV modifications due to the presence of the downstream cylinder don't modify the behaviour of the upstream cylinder. For the downstream cylinder, wake effects due to the upstream cylinder influence largely its behaviour. Indeed, the reduction of the average velocity in the wake of the upstream cylinder modifies the hydrodynamic forces on the downstream cylinder ( [16] , [15] and [2] ). There is a significant reduction of the amplitudes of oscillations and of the moving back of the downstream cylinder for V r ≤ 10. For higher reduced velocities (V r > 10) the amplitude response of the downstream cylinder is chaotic. It can reach sometimes values upper or equal to two diameters for V r > 15 ( figure 6 (c) ). For these high reduced velocities, it can not be VIV effects; displacements are amplified by wake effects.
However, for 5 < V r < 14, VIV effects can be observed. Indeed, the standard deviation of the transverse response of the downstream cylinder (figure 6 (b)) shows two maximums, described by [12] and [9] . The first one of 0.59D at V r equal to 8.5 corresponds to the lock-in of the first cylinder. The second one with a larger amplitude of 0.65D at V r equal to 11 is also observable on the in-line response. This is a kind of lock-in for the downstream cylinder which appears at higher reduced velocities due to the reduction of the average velocity in the wake of the upstream cylinder [8] .
The observed wake effects can be exceptionally intense as shown on figure  5 for V r = 23 (bold curve). Wake induced oscillations observed here, can reach some critical motions, which can generate collisions between risers.
As describe by [12] collisions are a brief phenomenon. They appear here at relatively low reduced velocities (V r about 19), contrary to previous results Experimental and numerical results on VIV and WIO 7 presented in [16] . For the initial spacing of 7D (case 2, figure 4) , results are quite similar. However, for the highest velocities, particular motions of the upstream cylinder occurs especially for the in-line oscillations, which can reach sometimes 2D. Results obtained for the shifted configurations are quite similar to the in-line arrangements. However, the downstream cylinder tends to come back in the wake of the upstream one, when the reduced velocity increases. A dissymmetry is observed in the behaviour of the downstream cylinder and trajectories are not identical to those previously shown ( figure 7) . So, the cylinders are often in close proximity and many collisions occur when V r is upper to 19. Between shifted arrangement at 5D and 7D (cases 3 and 4, figure 4 ) a difference for the higher reduced velocities is remarked: the more the cylinders are far, the less the amplitude of oscillations of the downstream cylinder is large [1] . In fact, at 5D and V r equal to 20 the transverse region is around 4D large whereas at 7D and for the same reduced velocity the transverse region is only 2.5D large.
For the case 5 (figure 4), the two cylinders behave like an isolated one. Transverse oscillations are just a few dissymmetrical. In fact the cylinders tend to deviate and move away from a value remaining lower than 0.5D. Contrary to the previous cases, no collision occurs during these trials.
When the cylinders are in close proximity like described previously, collisions can occur at the top of the structures. These phenomena are observed when the reduced velocity is upper or equal to 19 for all the studied cases (except the case 5). The analysis of the behaviour of each cylinders versus time shows two types of collision. Type 1: the downstream cylinder is sucked by the upstream cylinder. Type 2: the upstream cylinder is suddenly animated by large oscillations and moves back. Contrary to the type 1 collision, the upstream cylinder is moving back during the type 2 collision. The instantaneous velocity of the upstream cylinder (figure 8) shows many peaks. For each peak of the velocity, the upstream cylinder moves back and the distance between the two cylinders decreases. This sudden change of behaviour of the upstream cylinder is much more frequent than for collision of type 1, but do not always lead to a collision between cylinders.
The study of collisions recorded during the trials shows that the appearance frequency of collisions is increasing with velocity. However, at a given velocity, this frequency differs between the different tested cases (figure 9). Type 1 collisions are only observed for initial spacing of 5D between cylinders (cases 1 & 3). In addition, the two type of collisions are together noticed for the only shifted configuration at 5D (case 3). 
Numerical study
Numerical simulations are performed with the CFD code Fluent. A twodimensional model of cylinder is implemented. The flow is solved in two dimensions on a plane perpendicular to the cylinder axis. It is first animated with forced transverse sinusoidal oscillations y(t) = A cos(ωt + ϕ y ), in a current, in order to check the capacity of the code to calculate accurately hydrodynamic coefficients such as added mass or drag.
The transverse force computed by Fluent is supposed to be sinusoidal:
. This force can be compared to the "Morison" equation. According to this equation, the time-dependent force exerted on a body moving with the velocityẏ(t) in a fluid is assumed to be a linear sum of an acceleration-dependent inertial force (with C m the added mass coefficient) and a velocity-square-dependent drag force (with C d the drag coefficient):
According to [14] the drag term of equation 2 can be linearized to finally obtain (with ϕ = ϕ F − ϕ y ):
The amplitude of the transverse force F m is determined by calculating the Fourier component at the motion frequency of the transverse force given by Fluent.
The results (figure 10) reveal that C m decreases sharply from about 2 to about -0.5 as the reduced velocity increases from V r 4.5 to 5.2. For low reduced velocity, the added mass coefficient is close to one. This phenomenon occurs for the three Reynolds numbers tested here, but it is stronger for the Fig. 10 . Added mass coefficient C m and drag coefficient C d versus reduced velocity for 3 different Reynolds numbers compared with [13] and [10] .
lower Reynolds number. The decrease of C m from a large positive value toward zero as V r approaches 5 shows that the oscillation frequency is rising toward the vortex shielding frequency. Figure 10 also shows that the drag coefficient C d rises sharply from about 0.4 to 2.2 for V r ≤ 4.5. The drag is in phase with the direction of motion of the cylinder and helps to magnify the oscillations.
Generally these results are in quite good agreement with the bibliographical results for V r ≤ 5. The drag coefficient shows however a larger deviation.
2D and 3D simulations with free oscillations are also performed to investigate the dynamic response of a single cylinder. The stiffness of the equivalent model is adjusted so that the natural frequency corresponds to the experimental model. Figure 11 shows the resulting trajectories of the centre of the cylinder section for a reduced velocity of 5.
Numerical results are in quite good agreement with the experiments until V r about 10. In-line and transverse amplitudes of oscillations are comparable to the experimental results in spite of the difference of imposed motions. Numerical simulations take into account a motion of translation while the experimental cylinder is in rotation. For higher velocity, the 3D simulations are much more relevant than the 2D ones. This is due to the correlation length along the cylinder, i.e. the spanwise synchronization length of vortex, considered for the 3D simulations.
Conclusion
The study of interaction between two rigid cylinders elastically mounted and submitted to current shows that the response of the downstream cylinder is very different from a single one. Except when the cylinders are shifted of an angle of 90
• , the downstream cylinder is strongly affected by wake effects. In spite of an increase of the oscillation amplitudes of the downstream cylinder, there is no real lock-in at the expected reduced velocity. However the fluctuations of the transverse motions are larger than those of the upstream cylinder for reduced velocity greater than 10. In addition these motions increase after the lock-in of the upstream cylinder and they can sometimes reach more than 2 diameters for the highest velocity.
The upstream cylinder is not too much disturbed by the downstream cylinder in its wake. Its response is similar to a single cylinder for reduced velocity lower than 17. For higher velocity, sudden changes of behaviour appear which can cause collisions between cylinders.
The numerical study shows that first simulations obtained with the CFD code Fluent are in quite good agreement with bibliography results. Hydrodynamic coefficients like added mass coefficient and drag coefficient as well as the motions of the cylinder are correctly reproduced for the lowest reduced velocities. This numerical work is still in progress but it gives good hopes for the following studies.
